We use limb synoptic plots to study long-lived features of the lower solar corona. The most persistent features are the polar sinusoids, which are generated by streamers associated with active regions. We Ðnd that the lifetimes of these structures (up to about 10 solar rotations) are much longer than the lifetimes of individual sunspots (typically less than one solar rotation). The long lifetimes of the polar sinusoids are due to clusters of spatially related but noncontemporaneous spots. The continuous emergence of sunspots and magnetic Ñux from spot clusters in the photosphere provides the long life spans of the coronal streamers. Two-thirds of the B180 sunspots recorded in the southern hemisphere in a 1-year period near the 1996È1997 solar minimum were members of noncontemporaneous clusters. The clusters suggest large-scale, long-lived structures in the subphotospheric magnetic Ðeld from which sunspots emerge.
INTRODUCTION
Large-scale coronal streamers were Ðrst seen during solar eclipses (see, e.g., Loucif & Koutchmy 1989) and are now routinely observed from Y ohkoh, SOHO, and other spaceborne telescopes. They appear as bright irregular rays around the solar disk, sometimes extending out to several solar radii. Recently, it has been shown that some streamers extend sufficiently far in latitude and altitude that they can be seen in projection above one or both polar holes (Li, Jewitt, & LaBonte 2000) , although there is no physical association with the holes. Such features, carried around the pole by solar rotation, appear in limb synoptic plots as periodic, quasi-sinusoidal features (hereafter referred to simply as polar sinusoids).
Long before the large-scale, long-lived coronal structures were widely observed and studied, the concept of "" complexes of activity ÏÏ was proposed, based on studies of the large-scale patterns of photospheric magnetic Ðelds on magnetograms (Bumba & Howard 1965 , 1969 Gaizauskas et al. 1983 ; Shelke & Pande 1986 ). The complexes of activity were observed to be followed by the formation of unipolar magnetic regions (UMRs ; Bumba & Howard 1969) . These sunspot clusters are most evident when the Sun is near minimum activity, because overlapping complexes become confused when sunspots are numerous. The Ðrst detailed observations of a complex of activity in the corona were made with Skylab X-ray images taken between Carrington rotations 1601 and 1609 (1973 , corresponding to the minimum activity in the 20th solar cycle (Howard & 1977) . They observed "" the pen-S‹ vestka etration of a coronal hole into the region where the complex existed before.ÏÏ Perhaps not coincidentally, a UMR (famously known as the "" elephantÏs trunk ÏÏ structure) was again observed between 1996 August and September, corresponding to the minimum activity in the 22nd solar cycle (Gopalswamy et al. 1999 ).
The concept of "" active longitudes ÏÏ was proposed as early as the beginning of the last century (Buss 1915) . Evidence of active longitudes has been sought by analyzing historic sunspot number records over periods as long as 100 yr (see, e.g., Bogart 1982) and by studying large-scale structures of coronal Ðelds (see, e.g., Stewart & Bravo 1996) and of interplanetary magnetic Ðelds (see, e.g., Tritakis 1986 ). Whether active longitudes exist remains controversial because di †erent researchers use di †erent deÐnitions, and the statistical signiÐcance of many works remains unclear. Recently, "" hot spots ÏÏ were reported by examining the distribution of solar Ñares at one location on the Sun (Bai, Hoeksema, & Scherrer 1995) . Hot spots are deÐned as "" areas of high concentration of major Ñares.ÏÏ The lifetimes of hot spots range from one to several solar cycles.
Unlike the early studies of complexes of activity based on photospheric magnetograms, we identify photospheric sunspot clusters by tracing large-scale, long-lived coronal streamers in this work. The coronal data used in our study were taken between 1996 April and 1997 June. The time interval of our data (D1 yr) is much shorter than the typical duration covered in reported active longitude studies (commonly several solar cycles). Therefore, we do not attempt to use our data to address the question of whether active longitudes are real. Our primary tool is the limb synoptic map, which we construct from a time series composite of the solar limb emissions (see, e.g., Li et al. 2000) . Large-scale and long-lived coronal features appear in such maps as sinusoidal features (so-called coronal sinusoids) lasting for several solar rotations. Our strategy is to overplot sinusoidal curves calculated from the empirical, photospheric di †erential rotation rate (Beck 2000) for given individual sunspots to speciÐc coronal sinusoids. We Ðnd that the coronal sinusoids are maintained by noncontemporaneous but related groups of active regions. While individual sunspots are short-lived, the clusters of sunspots Vol. 565 provide magnetic Ðeld to reinforce the large-scale, longlived coronal streamers. These noncontemporaneous spot clusters presumably erupt from large, subphotospheric magnetic regions on the brink of buoyant instability.
A second natural application of synoptic observations of large, persistent coronal features is to investigate the coronal rotation rate. This has been done Ðrst with groundbased coronagraphic observations (Antonucci & Svalgaard 1974 ; Parker, Hansen, & Hansen 1982 ; Fisher & Sime 1984 ; Sime, Fisher, & Altrock 1989 ; Sykora 1994) and, more recently, with space-based observations (Nash 1991 ; Inhester et al. 1999 ; Lewis et al. 1999 ; Weber et al. 1999 ). These studies have reached several conclusions : (1) the short-lived coronal features follow the photospheric di †er-ential rotation (see, e.g., Antonucci & Svalgaard 1974) ; (2) the rigidity of solar coronal rotation increases with increasing altitude (see, e.g., Parker et al. 1982) ; and (3) the corona becomes rigid at altitudes as low as 1.1 (Inhester et al. R _ 1999 ; Lewis et al. 1999) . The strongest of these conclusions is that the coronal rotation becomes more rigid with increasing altitude. In the current work, we study the inner corona (from 1.000 to 1.015 In this altitude range, the R _ ). large-scale coronal structures originating in active regions follow the photospheric di †erential rotation.
DATA ANALYSIS
We use images taken between 1996 April and 1997 July by the Soft X-ray Telescope (SXT) on the Y ohkoh satellite (Tsuneta et al. 1991) . This corresponds to the period near solar activity minimum and to the early rising phase of the new solar cycle. By studying the Sun at low activity, we are able to discern coronal and sunspot patterns that become spatially confused when the Sun is more active. Limb synoptic maps are made by aligning the limb emissions unwrapped from individual images in a time sequence. Our maps are compiled from, typically, 10,000 individual images, with a time resolution near 24 images per day. The polar angle (P.A.) around the limb is plotted along the vertical axis (north pole has P.A. \ 0¡, south pole has P.A. \ 180¡) and time along the horizontal axis. SXT Science Composite (SSC) Ðles are the primary data set in our study. Each SSC Ðle is made from raw X-ray images by combining short and long exposures with careful removal of dark current and scattered light (L. W. Acton 2001, private communication) .
A typical limb synoptic plot is shown in Figure 1 , constructed using the average coronal emission from 1.000 to 1.015 above the solar limb. Bright spots in a belt near R _ the equator (P.A. D 90¡ and 270¡) are caused by hot, dense plasma overlying the active regions. This active belt appeared single from 1996 January to November (corresponding to solar activity minimum). As the Sun became more active, the bright belt gradually bifurcated (1996 December and later ; see Fig. 1 ), indicating the emergence of new magnetic Ñux at high latitudes. Long-lived, large-scale coronal structures are seen as periodic Ðlaments or Ðngers of emission originating from the active regions and crossing both polar holes (during solar minimum) and either the northern or southern polar hole (during the rising phase of the 23rd solar cycle). These are the "" coronal polar sinusoids ÏÏ (Li et al. 2000) caused by high-altitude plasma from the active regions seen in projection above the SunÏs polar regions. Figure 1 shows that polar sinusoids are present both before and after the start of the new activity cycle. Figure 2 shows one of the images used to construct Figure 1 , from 1996 August 27. The bright region on the disk is sunspot group NOAA Active Region 7986. The di †use emission around the solar limb consists of coronal streamers, mostly originating from active regions. Some of these active regions are on the near side and some are on the far side of the Sun. Their common feature is that they project in the plane of the sky into the region above the solar poles. One of them near the pole is marked "" coronal polar streamer.ÏÏ This structure, when carried around by solar rotation, forms one of the "" periodic Ðngers ÏÏ (coronal sinusoids) on the limb synoptic plot (Fig. 1) . By inspecting single X-ray images, such as Figure 2 , we see that the coronal streamers are the hot plasma extension in altitude and latitude from underlying active regions. from SXT/Y ohkoh SSC Ðles for interval 1996 AprilÈ1997 July. Date is on the x-axis and P.A. is on R _ the y-axis, where P.A. \ 0¡ corresponds to the north pole and P.A. \ 90¡ is the east limb. To display the entire southern (180¡) and northern (0¡ and 360¡) polar holes, the plotted P.A. range is extended by 90¡. In order to simulate the coronal sinusoids, we consider the apparent sky-plane motion of a radial coronal structure as it is carried around by the solar rotation. The projected latitude h of such a feature can be expressed by
where is the heliographic latitude, / is the latitude, and a B 0 is the longitude of the feature measured from the east limb. Angle a can be calculated from
Here t is the time of observation and is the time when the t 0 feature crosses the east limb.
is the synodic solar P _ (/) rotation period as a function of latitude /. It is determined by
where is the solar sidereal rotation period at latitude S _ (/) / and T is the orbital period of Earth. The sidereal rotation rates as functions of latitudes have been Ðtted by many authors (see, e.g., Beck 2000) with the expression (4) where and A, B, and C are constants u(/) \ 360¡/S _ (/), determined by the Ðt. We examined four frequently cited empirical di †erential rotation models based, respectively, on sunspot tracers (Newton & Nunn 1951) , Doppler features (Snodgrass & Ulrich 1990) , and spectroscopic methods (Howard & Harvey 1970 ; Snodgrass 1984) . The parameters A, B, and C (see eq.
[4]) are listed in Table 1 . For easy comparison, we also list the synodic rotation period for solar latitude / \ [25¡ in the table. In P _ general, the rotation rates based on spectroscopic measurements are consistently lower than those based on sunspot position measurements (see Beck 2000) . However, we Ðnd that the details of the adopted di †erential rotation relations are not critical to our analysis. As an example, Figure 3 shows the sinusoidal curves derived from the four di †eren-tial rotation models overplotted on a limb synoptic plot for the interval 1996 June 28ÈOctober 6. All four models match the bright features within the uncertainties due to the diffuseness of the coronal emission. In view of this fact, and for speciÐcity, we used the di †erential rotation model obtained from sunspot position measurements by Newton and Nunn (1951) . We compute polar sinusoids based on equations (1)È(4), using the latitude and longitude of every tabulated sunspot. The sunspot positions are taken from lists prepared jointly by the US Department of Commerce, NOAA, the Space Environment Center, and the US Air Force and published daily.1 We reject spots whose computed sinusoids do not match the observed polar sinusoids, and we keep a list of those that match. In this way, the coronal sinusoids are used as a positional Ðlter to identify potentially causative spots on the photosphere. The long lifetimes of the coronal sinusoids allow us to identify and connect noncontemporaneous sunspots that might otherwise be difficult to relate.
RESULTS
Three prominent coronal sinusoids are presented here as examples. All three coronal sinusoids appeared in the southern hemisphere. By overplotting the model sinusoidal curves on limb synoptic maps (Figs. 4È6) , we Ðnd that the sinusoids correspond to three clusters of sunspot groups (see Table 2 ). In Figures 4È6, each initial phase set at the birth of the group. Images show that the coronal structures responsible for the sinusoids are complicated, three-dimensional objects. We do not attempt to model the shapes or latitudinal extents of the X-ray enhancements in detail. Instead, the latitudinal boundaries are represented by sinusoidal curves with lower amplitudes. Their initial phases may not be the same as the sunspot sinusoidal curves (because of their three-dimensional structure), but they share the same periods as the sunspot curves. In general, we Ðnd that the latitude^60¡ is a good approximation to describe the active region boundaries.
Coronal Sinusoid 1
Coronal sinusoid 1 (CS1) lasted for 10 solar rotations (from 1996 July to 1997 February ; see Fig. 4 ). Ten separate groups of sunspots were found to be responsible for CS1 at di †erent times in this period. They were the last remnants of activity associated with the 22nd solar cycle. Although the sunspots emerged as early as 1996 April (NOAA AR 7957), the large-scale coronal streamer did not show up until about three solar rotations later (1996 July), by which time NOAA AR 7978 was fully developed. The continuous emergence of sunspots at similar locations on the Sun provided the long lifetime of CS1, until 1997 February. From 1996 September 4 to October 26, the Sun lacked major sunspots. Nevertheless, the coronal streamer emission above the CS1 Table 1 ) all successfully match the data. The x-axis is date and the y-axis is P.A. active region persisted through this period (Fig. 4) , and polar sinusoids were sustained, presumably, by the residual magnetic structures from NOAA AR 7986 (see Fig. 4 ). This shows that the coronal magnetic structures seen in the X-ray data can be maintained even when the photospheric Ðelds are not strong enough to create sunspots.
Coronal Sinusoid 2
The second coronal sinusoid (CS2) appeared near 1996 November 12, following the sudden emergence of sunspot group NOAA AR 8003 (see Fig. 5 ). CS2 was fed by a series of newly emerging high-latitude sunspot groups for about eight solar rotations (see Table 2 ). These were the Ðrst highlatitude (/ \ [29¡) sunspot groups of the 23rd solar cycle. CS2 was visible until 1997 June.
Coronal Sinusoid 3
CS3 partly overlapped CS1 in the plane of the sky from 1996 December to 1997 March. Unlike CS1, which was supported by sunspot groups at an average latitude [10¡, CS3 was produced by sunspot groups emerging at much higher latitudes (near [30¡ ; Table 2 ). By 1997 March 8, when a new sun-spot group (NOAA AR 8021) emerged, CS3 was out phase with CS1 as a result of di †erential rotation. By March 15, when NOAA AR 8021 was close to the west limb, CS3 became prominent (Fig. 6 ). The lifetime of CS3 was about seven solar rotations (from 1996 December to 1997 July).
DISCUSSION
What is the evidence that the clusters of sunspots are physically associated with the coronal sinusoids used to identify them, rather than unphysical, chance associations with random sunspots ? To answer this question, we show in Figure 7 the positions of all the sunspot groups appearing in the southern hemisphere in the period of this study. Within a cluster, di †erential rotation will cause the longitude to drift relative to the nominal Carrington longitude listed in the sunspot position tabulations. In order to remove the smearing e †ect of di †erential rotation, we have plotted the corrected Carrington longitude,
where j and are corrected and direct Carrington longij 0 tudes of a sunspot group, respectively, days P CR \ 27.2753 is the e †ective Carrington rotation period (corresponding to an e †ective Carrington and is latitude^14¡ .926), P _ (/ 0 ) the solar rotation period at the latitude of the sunspot. In equation (5), is the time of the appearance of the Ðrst spot t 0 in the cluster and t is the time of observation. Rectangular boxes in Figure 7 show the approximate boundaries of the sunspot clusters identiÐed using coronal structures CS1, CS2, and CS3. Even without a statistical test, we contend that it is apparent to the eye, in Figure 7 , that the spot distribution is highly nonuniform and that the clusters selected on the basis of the coronal emissions (spots inside the boxes) are the same as those evident in the underlying sunspot distribution. More formally, the total number of southern hemisphere sunspots reported in this period was 183. Given that sunspots occupy a latitudinal range from [40¡ to 0¡, and assuming a Poisson distribution of counting statistics, we can calculate the probability of Ðnding the actual numbers of spots within the boxes if the spots are distributed randomly. The results are summarized in Table 3 . The table shows that it is statistically highly unlikely that the observed clustering could be produced by chance from a uniform distribution of spots. Figure 7 also shows that the cluster spots constitute a signiÐcant fraction of all the spots reported in the 1996 April 9È1997 July 3 period. SpeciÐcally, of the 180 report-2 3 ed sunspots belong to CS1, CS2, or CS3. The appearance of a large number of polar sinusoids at later dates, toward the FIG. 6.ÈSame as Fig. 4 but for CS3 FIG. 7 .ÈAll the sunspot groups appearing in the southern hemisphere between 1996 April and 1997 July. Symbols represent the sunspot groups identiÐed from the coronal sinusoids CS1, CS2, and CS3. Spot clusters related with three coronal sinusoids are marked with symbols : crosses for CS1, diamonds for CS2, and plus signs for CS3. They are connected with solid lines to indicate the time sequence. Their Carrington longitudes have been corrected for di †erential rotation with respect to the Ðrst sunspot group within each spot cluster. Other sunspots are marked with circles.
solar maximum, suggests that spot clusters remain important throughout the solar cycle.
Other properties of the sunspot clusters underlying CS1, CS2, and CS3 are summarized in Figures 8 and 9 . The latitudes of the CS1 and CS2 sunspots show a general poleward drift with time, opposite to the equatorward drift Fig. 7 . When the sunspot latitude is less than the Carrington e †ective latitude, the corrected14¡ .926, Carrington longitude is smaller than the direct one (e.g., CS1). Otherwise, the corrected Carrington longitudes are greater than the direct ones (e.g., CS2 and CS3).
shown by spots in a progressing solar cycle (Fig. 8) . The directly observed and di †erential rotationÈcorrected Carrington longitudes are plotted versus time in Figure 9 . The corrected Carrington longitudes are calculated with respect to the Ðrst sunspot group within each cluster. The di †eren-tial rotationÈcorrected Carrington longitudes in each cluster are distributed over a smaller longitudinal range than are the simple Carrington longitudes, consistent with the e †ect of shear due to di †erential rotation acting on a single magnetic structure. This is most evident for CS2, whose latitudinal extent from [20¡ to [30¡ covers the largest range of rotation periods (from 27.6 to 28.4 days) of the three clusters. Comparison of Figures 7, 8, and 9 shows that each sunspot cluster occupies up to 10¡ of latitude and 30¡È50¡ of longitude and lasts for seven to 10 solar rotations.
The di †erential rotationÈcorrected Carrington longitudes as functions of time can be computed from equation (5) for a given latitude, longitude, and initial time. See Table 4 for input parameters. The relations are shown by straight lines in Figure 10 for the three spot clusters associated with CS1, CS2, and CS3. We emphasize that the plotted lines are not Ðts to the data. They are the trajectories that would be followed by a single spot following the standard di †erential rotation law for its latitude. All the sunspot groups involved in determining the simulation are marked in the graphs with their NOAA numbers. NOTES.ÈCS : Coronal sinusoid. TSN : Total sunspot number during time interval in the southern hemisphere. Area : Ratio of rectangle area deÐned by the spot clusters to the visible solar spherical area between latitudes [40¡ and 0¡. Predicted, Observed : Predicted and observed sunspot number in the time interval within the rectangle areas. P : The Poisson probability for observed number of sunspot groups (average number is "" Predicted,ÏÏ and event number is "" Observed ÏÏ). Newton and & Nunn (1951) .
The observation that the marked sunspots either fall on the lines or very close to them indicates that they emerged in a very narrow longitudinal range around the Ðrst spot in the group. An extreme case is CS2. All sunspot groups in CS2 appear along the projected di †erential rotation line (again, not a Ðt to the data), indicating a single source of emerging Ñux over the full 180 days. There is evidence of both persistent and recurrent spots in Figure 10 . For example, NOAA active regions 7978, 7981, and 7986 are probably manifestations of a single, unusually long-lived spot, carried on to the visible hemisphere of the Sun for three successive rotations (CS1 ; Fig. 10, top) . NOAA active regions 8003, 8016, 8026 and 8046 appear at 56 day (tworotation) intervals, but the intervening rotations are devoid of spots at this location (CS2 ; Fig. 10, middle) . NOAA AR 8027 and 8048 (CS3 ; Fig. 10 , bottom) are likewise separated by about 56 days, with no visible sunspots on the intervening rotation. Clearly, there are important systematics in the emergence of sunspots that will repay close attention in long-term synoptic studies. The existence of noncontemporaneous sunspot clusters indicates a magnetic region beneath the photosphere that is larger and longer-lived than individual sunspots. As we pointed out in°1, the time coverage in our study is very short compared with the solar cycleÈlength studies on which reports of active longitudes are normally based. Therefore, we here make no statement about the existence of active longitudes in our data. However, the spot clusters may be consistent with the shorter-lived hot spots identiÐed from the distribution of solar Ñares (Bai et al. 1995) . Given the obvious association between Ñares and sunspots, this consistency is not surprising.
In the present work, we Ðnd no evidence of rigid rotation in the lower corona. Instead, the coronal sinusoids obey the di †erential rotation of the individual sunspots in the photosphere that are responsible for the sinusoids. The literature on coronal rotation does not present a consistent picture. Coexistence of rigid and di †erential rotation has been reported in the corona using white-light coronal observations, typically with a K-coronameter made by HAO (Parker et al. 1982) , and spectral lines, typically at 5303 A (Antonucci & Svalgaard 1974 ; Sime et al. 1989 ; Sykora 1994) . The general conclusions are that the long-lived coronal features have rigid rotation rates, while short-lived coronal features follow di †erential rotation. Fisher & Sime (1984) found the rotation law as a function of latitude in the corona by time-averaged analysis using HAO Kcoronameter data at 1.3È1.5
According to their study, R _ . the corona has di †erential rotation, but with a smaller amplitude than the photosphere. Reports of rigid coronal Table 4 and are used to calculate the straight lines from eq. (5). If a sunspot latitude is lower than (Carrington e †ective latitude), the slope of14¡ .926 a line will be positive (see CS1, top) ; otherwise, the slope is negative (see CS2 and CS3, middle and bottom, respectively). rotation generally reÑect measurements at high altitudes, where the connection to speciÐc magnetic regions on the photosphere is less clear (see, e.g., Inhester et al. 1999 ; Lewis et al. 1999 ). Combining our observations and measurements done by others, we propose that coronal rotations inferred by large-scale, persistent features in the corona reÑect the average di †erential rotations of spot clusters in the photosphere. The fact that the rigidity increases with height perhaps indicates that the magnetic Ðeld lines are more connected within a spot cluster at higher altitude (Pevtsov 2000) .
SUMMARY
We summarize our results as follows.
1. Limb synoptic maps of the lower corona (1.000È1.015 reveal persistent, large-scale structures with lifetimes up R _ ) to B1 yr.
2. These large-scale, long-lived coronal structures sit above and are sustained by noncontemporaneous spot clusters. Each cluster is distributed over a longitude range of tens of degrees and a latitude range of 10¡.
3. A majority of the sunspots appearing between 1996 April and 1997 July in the southern hemisphere were members of the three clusters identiÐed using the persistent coronal features.
4. Most individual sunspots in the clusters have lifetimes of less than one solar rotation. Repeated emergence of spots at a single longitudinal location contributes magnetic Ñux that reinforces the long-lived coronal features. The sunspot clusters are reminiscent of the complexes of activity previously noted in large-scale magnetograms by Bumba & Howard (1965) .
5. The large-scale, persistent coronal streamers share rotation appropriate to the latitude of the underlying sunspot cluster.
